We report results for the electronic structures of extended silver single-wall nanotubes (AgSWNTs) within a first-principles, all-electron self-consistent local density functional approach (LDF) adapted for helical symmetry. We carried out calculations on twenty-one different AgSWNTs ranging in radii from approximately 1.3 Å to 3.6 Å.
INTRODUCTION
As the miniaturization of electronic devices continues to advance, nanotubes and nanowires will become increasingly important in the development of these devices. A variety of procedures have been reported for constructing both gold and silver wires with nanoscale diameters. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Only one method has successfully produced gold nanowires exhibiting helical periodicity. 2, 3 This unique fabrication method reported by Takayanagi et al., for constructing gold nanowires with diameters as small as 0.4 nm relies on the surface reconstruction properties present in gold. 2, 3, 11 The in situ fabrication method entails using high-resolution transmission electron microscopy (HRTEM) to irradiate a gold (001) film 3 to 5 nm in thickness until holes form, creating a bridge between two holes. As this bridge narrows to less than 1.5 nm in diameter, it reconstructs into a helical nanowire suspended between two bulk-like gold tips.
Rodrigues et al., 8 implemented the above technique 2, 3 using silver. They successfully synthesized silver nanowires exhibiting a tube-like contrast pattern with an especially stable atomic structure. Although the silver wires were produced with diameters comparable to the gold nanowires reported by Takayanagi, 2, 3 the silver wires minima. The structure of this silver nanowire is markedly different than bulk, and although not immediately apparent, this structure does exhibit helical periodicity.
Nevertheless, we are particularly interested in the helical multi-shell nanowires and a helical single-wall gold nanotube synthesized by Takayanagi et al., 2, 3 which are favorable structures for our method of calculation based on the use of helical symmetry.
As a starting point, we decided to model silver instead of more complex systems involving gold. Calculations for gold require treating relativistic effects, which is beyond the capability of our current first-principles approach. In this preliminary work, we will address similar trends in our results compared with theoretical work using gold and silver described elsewhere.
12-18
The single-wall gold nanotube and the smallest multi-shell gold nanowire reported experimentally 2, 3 have been studied theoretically by others. Bravais lattice vector, R, is defined by two primitive lattice vectors 1 a and 2 a and the pair of integers (n 1 , n 2 ), so that the lattice vector
The radius for an (n 1 , n 2 ) nanotube is given by
where d is the Ag-Ag bond length from the triangular sheet. The notation chosen here is consistent with the notation used elsewhere 2, 3, [12] [13] [14] [15] and is related to the convention used for carbon nanotubes. As shown in Fig. 1 , a line of symmetry extends through the triangular lattice for wedge defines a different AgSWNT, and all unique AgSWNTs defined by rolling up the triangular sheet of silver atoms can be generated by this set of R's. 21 We have investigated the electronic structure of AgSWNTs using a firstprinciples, all-electron self-consistent LDF approach adapted for helical symmetry. A 3-21G basis set was used, along with 512 k points in the central Brillioun zone. The approach used here has been discussed in detail elsewhere. [22] [23] [24] We define the helical periodicity of the silver nanotubes in terms of a unit cell of a small number of silver 6 atoms and a screw operation ) , ( ! h S that will generate the lattice of nanotube nuclear coordinates. For mathematical convenience we define the screw operation in terms of a translation h units down the z axis in conjunction with a right-handed rotation ! about the z axis. Because the symmetry group generated by the screw operation S is isomorphic with the one-dimensional translation group, Bloch's theorem can be generalized so that the one-electron wavefunctions will transform under S according to
The quantity ! is a dimensionless quantity which is conventionally restricted to a range 
The silver single-wall nanotubes simulated in the present study are indicated in AgSWNTs with radii greater than 2.2 Å were also calculated with a silver atomic chain inserted along the axis of the nanotube -these structures are termed AgNWs. The
range from 2.43 Å to 2.88 Å and were chosen in order to match the periodicity of the respective nanotube. The atomic chain with the lowest total energy in this study had a bond length of 2.61 Å, which is comparable to the 2.64 Å optimized bond length recently reported by Agrawal et al. 18 for a monatomic linear silver chain. On average, the total energies of the chains are approximately 0.04 eV higher than the (3,3) AgSWNT, the structure with the highest total energy.
RESULTS
The optimized total energies for the AgSWNTs and AgNWs are given with respect to radius in Table 1 and are plotted in Fig. 3 . As a result of our calculations, we find local minima in total energy to exist for the (4,2), (5,3), (6,3), (7,4), (7, 5) , (8, 5) , and (8,7) AgSWNTs. Upon inserting the chain into the (7,5) nanotube, this structure becomes the most energetically favorable AgNW, with the (6,6) and (7,4) AgNWs following within 10 -4 eV. We find the (3,2) and (3,3) to be the highest in total energy, and therefore the least favorable structures within this study. Table I . Total energies relative to the (7,5) AgNW. The structures are listed by increasing radii, and N Ag represents the number of silver atoms per unit cell. Super cells were used for the AgNWs to match the periodicity of the chains with their respective AgSWNTs.
Energetic trends for the AgSWNTs with respect to nanotube radius differ from what we would expect; the total energy does not necessarily decrease monotonically as radius increases. In some cases, between local minima, the total energy per silver atom increases as nanotube radius increases. Elastic strain models, such as those used for carbon SWNTs, would predict that the total strain energy should increase as the radius decreases. 25, 26 The strain energy per carbon atom in carbon nanotubes relative to an unstrained graphite sheet scales as 1/R 2 (where R is the tube's radius). 27 A smooth 1/R 2 trend is not present within our results for the AgSWNTs. If we group the AgSWNTs by their geometries, the total energy versus radius curve becomes smoother, but we see a trend where the calculated energy initially falls off at a rate faster than 1/R 2 . We grouped the applicable (n 1 ,n 2 ) AgSWNTs as belonging to either the n 1 = n 2 group (i.e. the (5,5) AgSWNT) or the n 1 = n 2 +1 group (i.e. the (5,4) AgSWNT). The plots for the n 1 = n 2 and n 1 = n 2 +1 groups are given in Fig. 4 (a) and 4(b) respectively. Although there are two additional groups present, the n 1 = n 2 + 2 and the n 1 = n 2 + 3 group, these later two groups do not contain AgSWNTs with small enough diameters to see the trend -their curves are essentially flat.
Although the number of conduction channels in a AgSWNT does not always correspond to the number of atom rows, inserting an atomic chain along the nanotube axis always contributes one additional conduction channel. Again, for the (n 1 , n 2 ) notation scheme chosen here, n 1 is equal to the number of helical strands comprising the tube. The band structures from our calculations are shown in Fig. 5 for the (7, 4) AgSWNT, the silver atomic chain, and the (7,4) with the inserted chain. The (7, 4) AgNW corresponds to the smallest multishell gold nanowire found experimentally 2 and has recently been suggested as a possible nano-solenoid. 16 The inserted atomic chain contributes one conduction channel, while the (7,4) tube without an inserted chain with n 1 = 7, contributes five conduction channels. The composite structure with n 1 = 8, has six conduction channels. These results agree with results for the number of conduction channels from first-principles calculations on the 7-1 helical gold nanowires. 12, 16 We note, however, that our results are somewhat dependent on basis set. In earlier work using an STO-3G basis set 23 , we did not find the same number of conduction channels as discussed above. We concluded, however, that the STO-3G basis set was not sufficient for modeling silver. We believe that our current results with the 3-21G basis set are more reliable.
The orbital densities for the (7,4) AgSWNT, inserted silver atomic chain, and (7,4) AgNW are shown in Fig. 6 . The images correspond to bands at specific points within the Brillioun zone, depicted in Figure 5 by solid dots. The numbering scheme in 
SUMMARY
We have carried out first-principles calculations on extended silver single-wall nanotubes and nanowires. After providing an overview of the structural identification of these AgSWNTs and AgNWs, we discussed energetically favorable structures and examined the conductivity. We found local minima in total energy for the (4,2), (5,3), (6,3), (7, 4) , (7, 5) , (8, 5) , and (8,7) AgSWNTs. Out of all the AgSWNTs and AgNWs studied here, the (7, 5) AgNW is the most energetically favorable structure. While the number of conductional channels in a AgSWNT does not always correspond to the number of atom rows comprising the nanotube, inserting a silver atomic chain along the axis of the nanotube results in one additional conductance channel. 
